1 salivary-gland sporozoites point to tight regulatory control 2 and potential mechanisms for liver-stage differentiation. ABSTRACT 2 8
persist as hypnozoites. Regulation of this major developmental fate decision is not understood 8 0 and this represents a key gap in current knowledge of P. vivax biology and control. Sporozoites prepare for mammalian host infection while still residing in the mosquito 8 2 salivary glands. It has been hypothesized that P. vivax sporozoites exist within an inoculum as 8 3
replicating 'tachysporozoites' and relapsing 'bradysporozoites' [10] and that these 8 4 subpopulations may have distinct developmental fates as schizonts or hypnozoites, thus 8 5 contributing to their relapse phenotype
This observation is supported by the stability 8 6 of different hypnozoite phenotypes (ratios of hypnozoite to schizont formation) in P. vivax 8 7 infections of liver-chimeric mouse models To determine fates in the sporozoite stage normal schizont development, which has been proposed previously for this species [24] . With this is mind, we looked at transcripts that are differentially transcribed in mLS, and, in mice, prevents differentiation in embryonic stem cells [50] , and a putative histone 4 2 4 methylation reading enzyme, EEML2 (PVP01_1014100). The remaining genes in this group 4 2 5
have three noteworthy and largely overlapping themes: (1) an association with calcium 4 2 6
binding, metabolism or signalling, (2) a role in organellar metabolism and (3) homologs in 4 2 7 other organisms, including a variety of prokaryotes and eukaroytes, with key roles in 4 2 8 germination, dormancy and persistent non-replicating stages. The latter most function is cynomolgi [56] or P. vivax [22] , nor do we see such an up-regulation here. Voorberg van der 4 5 6
Wel et al [56] note transcription of a range of AP2s in P. cynomolgi liver stages, but do not 4 5 7
find any to be up-regulated in hypnozoites. AP2s also feature among transcribed genes in P. vivax liver stages, with one, PVP01_0916300, significantly up-regulated in hypnozoites. We 4 5 9
note that PVP01_0916300 is up-regulated in P. vivax sporozoites relative to blood-stages and has been alluded to in recent liver-stage studies of P. cynomolgi [17, 23] (mean: ~2kb), but also with a greater variability in spacing (likely reflecting their association 4 9 0 with promoter regions [59] ; Figure S17 and S19). The instability of H3K9me3 may reflect its 4 9 1 use in Plasmodium for regulating expression of contingency genes from multigene families, 1 0 ends of the chromosomal scaffolds (i.e., are (sub)telomeric). On average, these genes are 4 9 9
transcribed at ~30 fold lower levels (mean 0.7 TPM) than genes not stably intersected by
H3K9me3 marks. These data clearly support the function of this mark in transcriptional that lacked a stable H3K9me3 signal or were transcribed at notable levels (i.e., above ~5 5 0 5 TPM). Whether this relates to differences in epigenetic control between the species is not 5 0 6
clear. We note that (sub)telomeric genes are overall transcriptionally silent in P. vivax 5 0 7
sporozoites relative to blood-stages (Figure 4 and Tables S21 and S22 ). Consistent with 5 0 8 observations in P. falciparum [57], the bulk of these genes include complex protein families, 5 0 9
such as vir and Pv-fam genes, which are so far described to function primarily in blood- with the intergenic regions of 3,676 genes. H3K9ac marks are also identified within 1kb of 5 1 5
the transcriptional start site (TSS) of 1,284 coding genes, with 1085 of these stably marked also by H3K4me3 ( Figure 4B ). The average transcription of these genes is 50, 112 and 112 5 1 7
TPMs respectively (72, 160 and 160-fold higher than H3K9me3 marked genes). Gene-by- and down-stream of the start and stop codon respectively of transcribed genes, but are much 5 2 0 less dense within coding regions of these genes ( Figure S15 ). This pattern directly correlates 5 2 1 with transcription and contrasts H3K9me3 marks, which are distributed across the length of 5 2 2 the gene at even density and are correlated with a lack of transcription. These data support the H3K4me3 marked genes suggest these marks work synergistically and that H3K9ac is possibly the better of the two, as a single mark indicator of transcriptional activity in P. vivax.
2 7
This is consistent with recent observations in P. falciparum sporozoites [26].
2 8
Interestingly, H3K9ac-marked genes ranged in transcriptional activity from the most 5 2 9
abundantly transcribed genes to many in the lower 50% and even lowest decile of 5 3 0
transcription. This suggests more contributes to transcriptional activation in P. vivax 5 3 1 sporozoites than, simply, gene accessibility through chromatin regulation. Specific activation 5 3 2 by a transcription factor (e.g., ApiAP2s [61]) is the obvious candidate. To explore this, we H3K9ac marked genes for over-represented sequence motifs in the highly expressed genes 5 3 6 that might coincide with known ApiAP2 transcription factor binding sites [62] . We identified 5 3 7 these based on the location of the nearest stable H3K9ac peak relative to the transcription 5 3 8 start site for each gene ( Figure S12 ). In most instances, these peaks were within 100bp of the 5 3 9
TSS and, consistent with data from P. falciparum [59] , P. vivax promoters appear to be no 5 4 0 more than a few hundred to a maximum of 1000 bp upstream of the TSS. Exploring these 5 4 1 regions, we identified two over-represented motifs: TGTACMA (e-value 2.7e -2 ) and ATATTTH (e-value 3.3e -3 ) ( Fig. 2D ). TGTAC is consistent with the known binding site for Pf-AP2-G, which regulates sexual differentiation in gametocytes [63], but its P. vivax ortholog (PVP01_1418100) is neither highly transcribed nor expressed in sporozoites. ATATTTH is similar to the binding motif for Pf-AP2-L (AATTTCC), a transcription factor 5 4 6
that is important for liver stage development in P. berghei [64] . In contrast to AP2-G, Pv- sporozoites and up-regulated relative to blood-stages. In P. vivax sporozoites, the ATATTTH 5 4 9
motif is associated with a number of highly transcribed genes, including lisp1 and uis2-4, 5 5 0 known to be regulated by AP2-L in P. berghei [64] as well as many of the most highly 5 5 1 transcribed, H3K9ac marked genes, including two etramps (PVP01_0734800 and 5 5 2 PVP01_0504800), several RNA-binding proteins, including Puf2, ddx5, a putative ATP- marked by H3K9ac in all replicates (i.e., there is significant variation in the placement of the 5 5 7
H3K9ac peak or their presence/absence among replicates for these genes). It may be that 5 5 8 additional histone modifications, for example H3K27me, H3R17me3 or H2A or H4 5 5 9
modifications, are involved in regulating transcription of these genes. Certainly the 5 6 0
incorporation of the H2A.Z histone variant, which is present in intergenic regions of P. We provide the first comprehensive study of the transcriptome and epigenome of mature Plasmodium vivax sporozoites and undertake detailed comparisons with recently published hypnozoite-enriched liver-stages [22] and mixed blood-stages [40] . These data support the 5 7 2
proposal that the sporozoite is a highly-programmed stage that is primed for invasion of and translational and epigenetic levels, appears to play a major role in shaping this stage (which 5 7 5
continues on in some form in hypnozoites), and many of the genes proposed here as being development ( Figure 5 ). We highlight a major role for RNA-binding proteins, including 5 7 8
PUF2, ALBA2/4 and, intriguingly, 'Homologue of Musashi' (HoMu). We find that 5 7 9
transcriptionally, the hypnozoite appears to be a transition point between the sporozoite and the study is the prominence of a number of genes that have a role in numerous eukaryotic 5 8 4 systems in cell fate determination and differentiation (e.g., HoMu, Yippee and CARM1) and formation. We also identify potential avenues for rationally prioritizing targets underpinning 5 9 2 liver-stage differentiation for functional evaluation in humanized mouse and simian models 5 9 3
for relapsing Plasmodium species and identifying novel avenues to understand and eradicate 5 9 4 liver-stage infections. Ethics Statement. Collection of venous blood from human patients with naturally acquired vivax infection for the current study was approved by the Ethical Review Committee of the washed with 1XTBS and the primary antibodies were detected with goat anti-rabbit Alexa washes with PBS, sporozoite pellets were stored at -80°C and shipped to Australia. Nuclei
were released from the sporozoites by dounce homogenization in lysis buffer (10 mM Hepes 7 1 1 pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EDTA, 1 mM DTT, 1x EDTA-free protease 7 1 2 inhibitor cocktail (Roche), 0.25% NP40). Nuclei were pelleted by centrifugation at 21,000 g 7 1 3
for 10 min at 4°C and resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris Bioruptor (Diagenode) and diluted 1:10 in ChIP dilution buffer (0.01% SDS, 1.1% Triton X- material was reversed for 6 hours at 45°C after addition of 500 mM NaCl and 20 µg/ml of 7 2 7 proteinase K (NEB). DNA was purified using the MinElute® PCR purification kit (Qiagen) . • Rhoptry function e.g., RAP1, RNP2, RNP3
• Reticuocytye binding e.g., RBP2a, RBP2b, RBP2C
• Exported Proteins e.g., PHISTs
